This paper proposes a five-degree-of-freedom (5-DOF) hybrid magnetic bearing (HMB) for direct-drive wind turbines, which can realize suspension in the 4-DOF radial and 1-DOF axial directions. Only two sets of radial control windings are employed in the proposed HMB because only one set of radial control windings can achieve the 2-DOF suspension in the radial direction. Unlike the traditional active thrust magnetic bearings, this paper uses a cylindrical rotor core without a large thrust disc in the novel HMB. The numbers of the controller, power amplifier and system volume can be reduced in the magnetic suspension system. This paper also presents the structure and basic characteristics of the proposed magnetic bearing. A precision equivalent magnetic circuit analysis of the permanent magnet ring and control magnetic field is conducted in this study, in consideration of the non-uniform distribution of magnetic density. Accordingly, the mathematical models, including the suspension force expression, are derived based on the accurate equivalent magnetic circuit. The basic principle of the structure parameter design is presented, based on the given key parameters. The accuracy of the analytical method is further validated by 3D finite element analysis. Abstract: This paper proposes a five-degree-of-freedom (5-DOF) hybrid magnetic bearing (HMB) for direct-drive wind turbines, which can realize suspension in the 4-DOF radial and 1-DOF axial directions. Only two sets of radial control windings are employed in the proposed HMB because only one set of radial control windings can achieve the 2-DOF suspension in the radial direction. Unlike the traditional active thrust magnetic bearings, this paper uses a cylindrical rotor core without a large thrust disc in the novel HMB. The numbers of the controller, power amplifier and system volume can be reduced in the magnetic suspension system. This paper also presents the structure and basic characteristics of the proposed magnetic bearing. A precision equivalent magnetic circuit analysis of the permanent magnet ring and control magnetic field is conducted in this study, in consideration of the non-uniform distribution of magnetic density. Accordingly, the mathematical models, including the suspension force expression, are derived based on the accurate equivalent magnetic circuit. The basic principle of the structure parameter design is presented, based on the given key parameters. The accuracy of the analytical method is further validated by 3D finite element analysis.
Introduction
Wind turbines have received extensive attention from all over the world because wind energy is a clean and renewable energy. Because the gear boxes are the key factors of maintenance in the wind power generation systems, so the direct-drive permanent magnet wind power generators with no gear boxes are replacing the traditional wind power generators by the wind power manufactures [1, 2] . The traditional direct-drive wind turbines supported by ball bearings have a high wind speed at starting, serious wear and mechanical friction problems, and the utilization rate is really low because of aerodynamics (Betz limit) beyond friction and its consequences. Magnetic bearings have a potential application in wind turbines, because of their advantages, including no friction, no wear, no oil lubrication, no seals, low cost, low loss and long life, among others [3] [4] [5] [6] [7] [8] .
The wind turbines supported by magnetic bearings have many advantages, which include the following: (a) the utilization rate of wind energy will be improved and the threshold wind speed will be reduced because no contact and friction between the stator and the rotor will occur; (b) the costs, environmental pollution and loss will be reduced because no lubrication is present in the magnetic bearings; and (c) magnetic bearings have high adaptability to extreme climate conditions [9] [10] [11] [12] .
The magnetic bearings used in wind turbines can be classified into three types as follows: active, passive and hybrid magnetic bearings [13] [14] [15] [16] . The active magnetic bearings (AMBs) have suspension forces for the rotor that are generated by the coil currents. The AMBs have high control precision and great bearing capacity. However, the AMB systems are composed of sensors, power electronics Figure 1 shows the structure and the exploded view of the new type of 5-DOF HMB. The HMB comprises the outer stator core, inner stator core, cylindrical rotor core, shaft, radial magnetized permanent magnet (PM) ring, eight radial control windings, two sets of compensating windings for eliminating the influence of gravity and two axial control windings. Figure 2a shows the cutaway view of the proposed 5-DOF HMB. The PM ring provides the biased fluxes for the HMB. The static suspension force generated by the PM ring will suspend the rotor in a balanced position. Figure 2b shows the inner stator core made of a cog structure, in which four pairs of inner stator teeth are uniform along the circumference. Two sets of radial control windings are wound on the inner stator teeth. The two axisymmetric radial control windings are connected in series, as shown in Figure 1 . The two sets of the radial windings can control the rotor suspension in 4-DOF. The axial control windings distributed around the rotor are wound between the inner stator core and the outer stator core, to achieve a 1-DOF suspension in the axial direction.
Overall, the proposed 5-DOF HMB can simplify the structure and lower the volume compared to the traditional 5-DOF magnetic bearings. Moreover, the novel 5-DOF HMB uses the cylindrical rotor core without the thrust disc in the axial direction. Then, the rotor in this study is further lightened.
Principle of Radial Suspension Force Generation
The rotor is assumed to be twisted away from the equilibrium position by a disturbance force in the radial direction ( Figure 3) . The left air gap in the upper rotor lengthens, whereas the right air gap shortens. Consequently, the left air gap in the lower the rotor shortens, whereas the right air gap lengthens. The current irs1+ is fed into the radial control windings to return to the balance and Figure 2b shows the inner stator core made of a cog structure, in which four pairs of inner stator teeth are uniform along the circumference. Two sets of radial control windings are wound on the inner stator teeth. The two axisymmetric radial control windings are connected in series, as shown in Figure 1 . The two sets of the radial windings can control the rotor suspension in 4-DOF. The axial control windings distributed around the rotor are wound between the inner stator core and the outer stator core, to achieve a 1-DOF suspension in the axial direction.
The rotor is assumed to be twisted away from the equilibrium position by a disturbance force in the radial direction ( Figure 3) . The left air gap in the upper rotor lengthens, whereas the right air gap shortens. Consequently, the left air gap in the lower the rotor shortens, whereas the right air gap lengthens. The current i rs1+ is fed into the radial control windings to return to the balance and generate the control flux according to the control demand, as shown in Figure 3 . Thus, the control flux will be superposed to the PM-biased flux, which leads to the flux density reduction and increase in the right and left air gaps in the upper rotor. The flux density reduction and increase in the left and right air gaps are also observed in the lower rotor. As a result, the suspension force F ra can lead the rotor to the equilibrium position based on the electromagnetic theory of Maxwell. The principle of the radial suspension force generation in the other two radial DOF is the same as the upper-part.
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Principle of Axial Suspension Force Generation
Therefore, the proposed 5-DOF HMB using the PM-biased flux in this study can achieve the stable suspension of the rotor in 5-DOF.
Principle of Gravity Compensation
The gravity compensation is necessary due to the gravity of the rotor. Traditionally, there are some ways to compensate the gravity of the rotor, such as by using the asymmetric bias flux; by using additional passive control windings, etc. Two sets of compensating windings are used in this Figure 1 shows that the rotor will be displaced from the balance position right when a disturbance force is exerted on the rotor in the axial direction. This action results in the length variation of the air gaps in the axial direction. Consequently, the magnitude of the magnetic flux density in the left air gap around the rotor will be smaller than that in the right. The appropriate currents are fed into axial control windings to return the rotor back to the equilibrium position in the axial direction and generate the control flux Φ ca shown in Figure 1 . Thus, the control flux Φ ca can be superposed with the PM-biased flux Φ m , which leads to the increase of the magnitudes of the magnetic flux density and reduction in the left and right air gaps. The rotor will then be pulled back to the equilibrium position in the axial direction based on the electromagnetic theory of Maxwell.
Principle of Axial Suspension Force Generation
Principle of Gravity Compensation
The gravity compensation is necessary due to the gravity of the rotor. Traditionally, there are some ways to compensate the gravity of the rotor, such as by using the asymmetric bias flux; by using additional passive control windings, etc. Two sets of compensating windings are used in this HMB. As shown in Figure 1 , in order to compensate the gravity of rotor, the smaller constant direct current i g is connected to the two sets compensating windings when the suspension control was acted. Because the gravity of the rotor is much smaller than the external loading, so the compensating current is much smaller than the radial control current. The influence of compensating current on the HBM flux can be ignored in order to simplify the following analysis.
Accurate Magnetic Circuit Analysis
Some of the following assumptions are made to simplify the magnetic circulation:
(1) The reluctance of the stator iron core and of rotor core is not considered. (2) Finite coercivities and magnetic saturation are ignored. (3) The influence of the compensating current is ignored.
Accurate Analysis of Equivalent Magnetic Circuit of the PM Ring
The equivalent magnetic circuit will be presented given the flux distribution indicated in Figure 1 and Ohm's law for the equivalent magnetic circuit. The equivalent circuit model of the proposed 5-DOF HMB is shown in Figure 4 , because of the symmetry of the PM flux paths. F m is the magnetic motive force of the PM; Φ r is the flux source of the PM; Φ m is the total flux produced by the PM; Φ 1 is the total magnetic flux through the air gap; Φ a1 and Φ a2 are the air gap fluxes in the left and right parts of the magnetic bearing, respectively. Φ 2 is the magnet-to-magnet leakage flux, which does not produce any active suspension force. R m is the magnet reluctance of the PM corresponding to Φ r ; R mσ is the reluctance caused by the magnet-to-magnet leakage flux Φ 2 . R ax1 and R ax2 are the air gap magnet reluctances in the axial direction corresponding to Φ a1 and Φ a2 , respectively. R ra1 and R ra2 are the air gap magnet reluctances in the radial direction corresponding to Φ a1 and Φ a2 , respectively. The coefficient λ is introduced as follows:
The equations of the fluxes are deduced as follows according to Figure 4 .
where R ∑ = R ax1 + R ra1 + R ax2 + R ra2 :
The magnet reluctances can be written as follows:
where µ 0 is the permeability of air; µ r is the relative permeability of PM; and g 0 is the effective widths of the air gap between the rotor and the outer stator teeth in the axial direction when the rotor is in the ideal equilibrium position without external disturbances. g 1 is the effective air length between the rotor and the inner stator teeth in the radial direction when the rotor is not eccentric. x and y are the eccentricity of the rotor in the axial and radial directions, respectively. S m is the effective flux passing area of the PM; S ax1 and S ax2 are the flux passing areas between the outer stator teeth and the rotor in the axial direction. S ra1 and S ra2 are the flux passing areas between the inner stator teeth and the rotor in the radial direction. The calculations are simplified by assuming that:
Substituting (7) into (6) and (2) through (5), after some manipulation yields:
where
If:
then the flux of (8) can be expressed as follows,
where:
The air gap flux can then be obtained as: 
ax ra m ra ax r ax ra m ra ax
ax ra m ra ax ax ra m ra ax
The air gap flux can then be obtained as: The eccentricities z and y in the radial and axial directions are z = 0 and y = 0, respectively, when no eccentricity happens on the rotor. Figure 5 shows the distribution of the flux density vectors of the PM in the proposed 5-DOF HMB by FEA with no eccentricity. The eccentricities z and y in the radial and axial directions are z = 0 and y = 0, respectively, when no eccentricity happens on the rotor. Figure 5 shows the distribution of the flux density vectors of the PM in the proposed 5-DOF HMB by FEA with no eccentricity.
Non-uniform distribution of magnetic density As indicated by Figure 5 , the flux of the PM flowing from the upper PM ring is divided into the same two tributaries. The tributary flow passes through the outer stator, rotor and inner stator, then returns to the lower PM ring.
The following equation is obtained according to (12) and (13):
According to [26] , the magnitudes of the intrinsic flux of the PM are equal to the product of a given residual magnetic flux density Br and the area perpendicular to the magnetic flux density Br. The distribution of the magnetic density in the upper definition is uniform. Therefore, the area Sm in Equation (11) is the effective area perpendicular to the uniform magnetic flux density Br. As shown in Figure 5 , the magnetic flux density in the upper and lower PM ring is non-uniform. Consequently, a large error will be observed when the actual surface area is directly substituted into the calculating formula. The coefficient α representing the relationship between the effective area of the PM Sm and the actual surface area of the PM, Spm is introduced as follows to reduce the error. 
The coefficient α in the proposed 5-DOF HMB is set as a constant value, α = 0.83, according to the finite element computations and its results.
Substituting (15) into (10) 
Equivalent Magnet Circuit of the Suspension Control Windings
The flux paths in Figure 3 show two kinds of control magnetic circuits in the magnetic bearing, namely the axial and radial active control circuits. Figure 6 shows the equivalent magnetic circuit model of the two kinds of control magnetic field, where Φca and Φcr are the control fluxes in the axial and radial control circuits, respectively. Naiax and Nrirs, ampere-turns, are the magnetomotive forces generated by each control winding. As indicated by Figure 5 , the flux of the PM flowing from the upper PM ring is divided into the same two tributaries. The tributary flow passes through the outer stator, rotor and inner stator, then returns to the lower PM ring.
According to [26] , the magnitudes of the intrinsic flux of the PM are equal to the product of a given residual magnetic flux density B r and the area perpendicular to the magnetic flux density B r . The distribution of the magnetic density in the upper definition is uniform. Therefore, the area S m in Equation (11) is the effective area perpendicular to the uniform magnetic flux density B r . As shown in Figure 5 , the magnetic flux density in the upper and lower PM ring is non-uniform. Consequently, a large error will be observed when the actual surface area is directly substituted into the calculating formula. The coefficient α representing the relationship between the effective area of the PM S m and the actual surface area of the PM, S pm is introduced as follows to reduce the error.
Substituting (15) into (10) yields:
The flux paths in Figure 3 show two kinds of control magnetic circuits in the magnetic bearing, namely the axial and radial active control circuits. Figure 6 shows the equivalent magnetic circuit model of the two kinds of control magnetic field, where Φ ca and Φ cr are the control fluxes in the axial and radial control circuits, respectively. N a i ax and N r i rs , ampere-turns, are the magnetomotive forces generated by each control winding. According to Figure 6 , the control fluxes can be calculated as follows: 
Expression of the Suspension Force
The suspension forces in the radial and axial directions can be calculated as follows: 
As shown in Figure 3 , Fra and Fax are the suspension forces acting on the rotor in the radial and axial directions, respectively. The magnitudes of the biased fluxes in the upper and lower parts of the rotor are similar because of the magnetic bearing symmetry.
Substituting (12), (13), (17) and (18) into (19) and (20) 
Maximum Suspension Force
The following equations can be established according to (19) and (20) to obtain the maximum suspension forces in the radial and axial directions: 
where Φrmax and Φamax are the maximum resultant magnetic fluxes in the radial and axial directions, respectively. These fluxes are mainly limited by the iron core saturation. Substituting (23) and (24) into (12) and (13) yields: According to Figure 6 , the control fluxes can be calculated as follows:
Expression of the Suspension Force
The suspension forces in the radial and axial directions can be calculated as follows:
As shown in Figure 3 , F ra and F ax are the suspension forces acting on the rotor in the radial and axial directions, respectively. The magnitudes of the biased fluxes in the upper and lower parts of the rotor are similar because of the magnetic bearing symmetry.
Substituting (12), (13), (17) and (18) into (19) and (20) yields:
Maximum Suspension Force
The following equations can be established according to (19) and (20) to obtain the maximum suspension forces in the radial and axial directions:
where Φ rmax and Φ amax are the maximum resultant magnetic fluxes in the radial and axial directions, respectively. These fluxes are mainly limited by the iron core saturation. Substituting (23) and (24) into (12) and (13) yields:
The maximum suspension forces can then be deduced as:
Structure Parameter Design
Magnetic Flux Density in the Air Gap
According to (12) , (13), (19) and (20), the maximum force will be generated when the displacement in the radial and axial directions is zero, that is the rotor is at the equilibrium position. The coefficient β can be obtained as setting β ≈ 0.96 because of the leakage flux of the PM ring in the air gap and through the FEA.
The magnetic flux density B rmax in the air gap in the axial and radial directions is set to be 1.5 T considering the magnetic saturation of the silicon steel.
The suspension force is determined by the suspension control current. In addition, the maximum suspension force of the HMB in this study is the theoretical value.
Selection of the Magnetic Pole Areas
The maximum flux is needed in the air gap when the maximum suspension forces are present in the radial and axial directions.
According to (25) ,
because of the following relationship,
Substituting (29) into (28), after some manipulation, yields:
As the magnitudes of B amax , B rmax , α, β and B r are constant values for a given permanent magnet, we can then select the magnetic pole areas according to (30).
Electric Loading and Air Gap Length
After some manipulation, substituting (6) into (17) and (18) yields:
According to (23) and (24), we can obtain the following equation when the maximum suspension forces are acting on the rotor:
The required ampere-turns N r i rs and N a i ax are proportional to g 1 and g 0 , respectively. B ra2 and B ax2 are the magnetic flux densities in the radial and axial directions, respectively, corresponding to Φ a2 . i rsm and i axm are the maximum currents in the radial and axial suspension windings, respectively. g 1 and g 0 are set to 1.0 mm in the magnetic bearings.
Losses in HBM
The losses in HMB include rotor losses and stator losses. Rotor losses mainly include the air-friction loss and iron loss in the rotor; the stator losses mainly include copper loss caused by the control currents through the windings and iron loss in the stator.
In particular, the air-friction loss on the rotor can be estimated by the equation derived for rotating cylinders, which can be written as:
where k is the roughness coefficient, the value is 1.0 for a smooth surface and 2.5 for an axially-slotted surface, ρ is the density of fluid, C f depends on the radius of rotor, radial air gap length and the Reynolds number, ω is the angular velocity of rotor, l is the length of the rotor and r is the radius of the rotor [27] . The iron losses on the rotor can be divided into the magnetic hysteresis loss and the eddy-current loss. The magnetic hysteresis loss was caused by the difference of the flux density. Meanwhile, the eddy-current loss was caused by the circulation of swirling flow because of the external time-varying magnetic field. The iron losses on the rotor can be written as follows:
where k h is the hysteresis loss coefficient, B m is the peak flux density, f r is the operating frequency, R is the unit resistance of the iron core, e is the lamination thickness of the iron core and V fe is the iron core volume, respectively. It can be seen that the rotor core loss mainly depends on the loss factor of core material, the operating frequency and the amplitude of the flux density. The iron loss in the stator caused by the difference of the flux density and the power amplifiers can be negligible relative to the copper loss in the stator. There are four sets of windings with the maximum number of ampere turns NI rmax in the x and y axis respectively, two sets of windings with the maximum number of ampere turns NI amax in the z axis. The maximum allowable copper loss in the stator at the full load operation can be written as follows:
where ρ 1 is the resistivity of the winding in the x and y axis and ρ 2 is the resistivity of the winding in the z axis. l mr , l ma are the average length of the windings in radial and axial direction, respectively. A n is the cross-sectional area of the windings, k st is the lamination factor of the stator, i rmax , i amax are the maximum current of the radial and axial direction, respectively. When the HMB operates at rated speed and full load, the FEA-predicted variations of total copper losses and iron losses in this HMB are shown in Figure 7 . Additionally, the copper losses in Figure 7 are extreme values because the radial and axial control currents are connected to the windings at the same time. It can be seen that the iron losses are much smaller compared with the copper losses in this HMB. 
FEA, Unbalanced Force versus Displacement and Comparison
FEA
The key parameters of the proposed HMB used in 5-kW direct-drive wind turbines can be designed based on the structure parameter as shown in Table 1 . The finite element analysis (FEA) method, which is based on Maxwell differential equation and adopted the form of discrete, is widely used in various engineering electromagnetic fields. The FEA model of the proposed HMB can be set up based on the parameters given in Table 1 . The 3D static magnetic field is used to calculate the magnetic field strength and observe the flux density distribution of the proposed HMB. The transient field is to calculate the force and torque when the rotor is twisted from the equilibrium position. The mesh operations in the proposed HMB are set as follows: the length of the stator and rotor cores are set as 4 mm; the length of the regions of the band and air gap are set as 1.5 mm; the length of control windings is set as 3 mm. The inner stator, outer stator and rotor are made of silicon steel DW360-50; the ring type permanent magnet is NdFeBN42SH. Figure 8 shows the 3D flux density distribution of the PM ring when the rotor is in the center position without eccentricity. Figure 9 presents the flux density distribution of the control windings in the radial and axial directions. Figure 10 shows the flux density distribution when the rotor deviates away from the equilibrium position. 
FEA, Unbalanced Force versus Displacement and Comparison
FEA
The key parameters of the proposed HMB used in 5-kW direct-drive wind turbines can be designed based on the structure parameter as shown in Table 1 . The finite element analysis (FEA) method, which is based on Maxwell differential equation and adopted the form of discrete, is widely used in various engineering electromagnetic fields. The FEA model of the proposed HMB can be set up based on the parameters given in Table 1 . The 3D static magnetic field is used to calculate the magnetic field strength and observe the flux density distribution of the proposed HMB. The transient field is to calculate the force and torque when the rotor is twisted from the equilibrium position. The mesh operations in the proposed HMB are set as follows: the length of the stator and rotor cores are set as 4 mm; the length of the regions of the band and air gap are set as 1.5 mm; the length of control windings is set as 3 mm. The inner stator, outer stator and rotor are made of silicon steel DW360-50; the ring type permanent magnet is NdFeBN42SH. Figure 8 shows the 3D flux density distribution of the PM ring when the rotor is in the center position without eccentricity. Figure 9 presents the flux density distribution of the control windings in the radial and axial directions. Figure 10 shows the flux density distribution when the rotor deviates away from the equilibrium position. The suspension force in radial and axial direction of the proposed HMB is calculated using the 3D FEA to analyze the validity and accuracy of the accurate equivalent magnetic circuit. As shown in Figure 11 , F ax and F ra are the axial and radial suspension forces calculated based on (20) and (21), respectively; F n1 , F a1 are the radial and axial suspension forces of the HMB proposed in this paper obtained using the FEA; F n2 , F a2 are the radial and axial suspension forces of the HMB in [23] at the same parameters using FEA. Figure 11 also shows the relation between the axial and radial suspension forces and the ampere-turns when the rotor is at the equilibrium position. The magnitudes of the suspension force are linearly dependent on the ampere-turns. Moreover, the magnitudes of the calculated force based on the magnetic circuit analysis in this study are basically consistent with that of the FEA. The magnitudes of the axial force F a2 in [23] are smaller than F a1 in this paper, and the magnitudes of F n2 are almost the same as F n1 in this paper.
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The suspension force in radial and axial direction of the proposed HMB is calculated using the 3D FEA to analyze the validity and accuracy of the accurate equivalent magnetic circuit. As shown in Figure 11 , Fax and Fra are the axial and radial suspension forces calculated based on (20) and (21), respectively; Fn1, Fa1 are the radial and axial suspension forces of the HMB proposed in this paper obtained using the FEA; Fn2, Fa2 are the radial and axial suspension forces of the HMB in [23] at the same parameters using FEA. Figure 11 also shows the relation between the axial and radial suspension forces and the ampere-turns when the rotor is at the equilibrium position. The magnitudes of the suspension force are linearly dependent on the ampere-turns. Moreover, the magnitudes of the calculated force based on the magnetic circuit analysis in this study are basically consistent with that of the FEA. The magnitudes of the axial force Fa2 in [23] are smaller than Fa1 in this paper, and the magnitudes of Fn2 are almost the same as Fn1 in this paper. 
Unbalanced Force versus Displacement in Radial and Axial Directions
The unbalanced force will be occurred as the rotor shifts. The relationship between the offset and the unbalanced force in the axial and radial directions is analyzed in this study. Figure 12 shows the relationship between the axial direction offset z and the axial unbalanced force analyzed with 3D FEA. Fu1 and Fu2 are the axial unbalance forces in this paper and in [23] , respectively. As shown in Figure 12 , the axial unbalanced force Fu2 in [23] is near the Fu1 at the smaller offset of the rotor, but Fu2 is much smaller than Fu1 at the larger offset of the rotor. Figure 12 further demonstrates that the two unbalanced forces are almost linearly dependent on the axial direction displacement z. The maximum unbalanced force of Fu1 and Fu2 in the axial direction are 1150 N and 865 N respectively for the displacement z = 1 mm when the rotor shaft is touched down bearings. Figure 13 illustrates the radial offset angle θ versus the unbalanced force in the radial and axial directions. Fru1, Fau1 are the radial and axial unbalanced forces of the HMB in this paper, respectively. Fru2, Fau2 are the radial and axial unbalanced forces in [23] . It also presents that the radial unbalanced forces Fru1 and Fru2 are almost linearly dependent on the radial offset angle θ. Moreover, the axial unbalanced forces slowly increase according to the radial offset angle θ. The maximum axial unbalanced force Fau1 is 9.6 N and Fau2 is 89N when the rotor shaft is deflected at the maximum angle. As shown in Figure. 13, the axial unbalance force in [23] is larger than the axial unbalance force in this paper. 
The unbalanced force will be occurred as the rotor shifts. The relationship between the offset and the unbalanced force in the axial and radial directions is analyzed in this study. Figure 12 shows the relationship between the axial direction offset z and the axial unbalanced force analyzed with 3D FEA. F u1 and F u2 are the axial unbalance forces in this paper and in [23] , respectively. As shown in Figure 12 , the axial unbalanced force F u2 in [23] is near the F u1 at the smaller offset of the rotor, but F u2 is much smaller than F u1 at the larger offset of the rotor. Figure 12 further demonstrates that the two unbalanced forces are almost linearly dependent on the axial direction displacement z. The maximum unbalanced force of F u1 and F u2 in the axial direction are 1150 N and 865 N respectively for the displacement z = 1 mm when the rotor shaft is touched down bearings. Figure 13 illustrates the radial offset angle θ versus the unbalanced force in the radial and axial directions. F ru1 , F au1 are the radial and axial unbalanced forces of the HMB in this paper, respectively. F ru2 , F au2 are the radial and axial unbalanced forces in [23] . It also presents that the radial unbalanced forces F ru1 and F ru2 are almost linearly dependent on the radial offset angle θ. Moreover, the axial unbalanced forces slowly increase according to the radial offset angle θ. The maximum axial unbalanced force F au1 is 9.6 N and F au2 is 89N when the rotor shaft is deflected at the maximum angle. As shown in Figure 13 , the axial unbalance force in [23] is larger than the axial unbalance force in this paper. Radial offset angle (degree) Figure 13 . Radial offset angle versus and radial unbalanced force.
Conclusions
This study proposes a five-degree-of-freedom hybrid magnetic bearing, which can realize suspension in the four-degree-of-freedom radial and one-degree-of-freedom axial directions. The two-degree-of-freedom suspension in the radial direction can be achieved by only one set of radial control windings. Therefore, only two sets of radial control windings are used in the proposed hybrid magnetic bearing. A cylindrical rotor core without a large thrust disc is used in the novel hybrid magnetic bearing. Accordingly, the system volume, numbers of controller and power amplifier will be reduced in the magnetic levitation system. The precision equivalent magnetic circuit model and the accuracy of the analytical method are validated by the 3D finite element analysis based on the given parameters in Table 1 . The prototype of the proposed hybrid magnetic bearing will be presented in the future work based on the model derived in this study. Radial offset angle (degree) Figure 13 . Radial offset angle versus and radial unbalanced force.
This study proposes a five-degree-of-freedom hybrid magnetic bearing, which can realize suspension in the four-degree-of-freedom radial and one-degree-of-freedom axial directions. The two-degree-of-freedom suspension in the radial direction can be achieved by only one set of radial control windings. Therefore, only two sets of radial control windings are used in the proposed hybrid magnetic bearing. A cylindrical rotor core without a large thrust disc is used in the novel hybrid magnetic bearing. Accordingly, the system volume, numbers of controller and power amplifier will be reduced in the magnetic levitation system. The precision equivalent magnetic circuit model and the accuracy of the analytical method are validated by the 3D finite element analysis based on the given parameters in Table 1 . The prototype of the proposed hybrid magnetic bearing will be presented in the future work based on the model derived in this study. 
This study proposes a five-degree-of-freedom hybrid magnetic bearing, which can realize suspension in the four-degree-of-freedom radial and one-degree-of-freedom axial directions. The twodegree-of-freedom suspension in the radial direction can be achieved by only one set of radial control windings. Therefore, only two sets of radial control windings are used in the proposed hybrid magnetic bearing. A cylindrical rotor core without a large thrust disc is used in the novel hybrid magnetic bearing. Accordingly, the system volume, numbers of controller and power amplifier will be reduced in the magnetic levitation system. The precision equivalent magnetic circuit model and the accuracy of the analytical method are validated by the 3D finite element analysis based on the given parameters in Table 1 . The prototype of the proposed hybrid magnetic bearing will be presented in the future work based on the model derived in this study.
